ABSTRACT: Previous studies from our laboratory suggested that differential expression of genes between normal and pale, soft, and exudative (PSE) turkey is associated with development of the PSE syndrome. However, a detailed understanding of molecular mechanisms responsible for the development of this meat defect remains unclear. The objective of this study was to extend and complement our previous work by using deep transcriptome RNA sequence analysis to compare the respective transcriptome profiles and identify molecular mechanisms responsible for the etiology of PSE turkey meat. Turkey breasts (n = 43) were previously classified as normal or PSE using marinade uptake as an indicator of quality (high = normal; low = PSE). Total RNA from breast muscle samples with the highest (n = 4) and lowest (n = 4) marinade uptake were isolated and sequenced using the Illumina GA IIX platform. The results indicated differential expression of 494 loci (false discovery rate < 0.05). Changes in gene expression were confirmed using quantitative real-time PCR. Pathway analysis of differentially expressed genes suggested abnormalities of calcium homeostasis and signaling pathways regulating actin cytoskeleton structure as well as carbohydrate metabolism and energy production in PSE samples. Dysregulation of postmortem glucose oxidation in PSE turkey was suggested by both dramatic downregulation of pyruvate dehydrogenase kinase, isozyme 4 (PDK4) mRNA, the most downregulated gene, and a decrease in the protein product (P = 0.0007) as determined by immunoblot analysis. These results support the hypothesis that differential expression of several genes and their protein products contribute to development of PSE turkey.
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InTRoDuCTIon
Over the past 60 yr, pale, soft, and exudative (PSE) meat has been one of the greatest challenges to the poultry meat processing industry (Owens et al., 2009) . Myofibrillar proteins undergo denaturation and lose their critical functionalities required for manufacturing desirable meat processed products (Pietrzak et al., 1997; Warner et al., 1997) . The extensive protein denaturation in PSE meat is a consequence of muscle hypermetabolism during early-stage postmortem conversion of muscle to meat (Barbut et al., 2008) . In PSE pork, accelerated postmortem metabolism is associated with a mutation of a gene encoding the sarcoplasmic reticulum (SR) Ca 2+ release channel protein, ryanodine receptor 1 (RYR1), causing a leak of Ca 2+ from the SR (Mickelson et al., 1988; Otsu et al., 1994) . However, studies to date have failed to identify a mutation associated with PSE turkey.
Our group recently analyzed global gene expression in PSE and normal turkey meat using the 6K turkey skeletal muscle long oligonucleotide (TSKMLo) microarray (Malila et al., 2013) . The results suggested an association between differential expression of genes involved in Ca 2+ homeostasis with development of PSE turkey as well as a complex manifestation of several additional affected cellular pathways. However, the microarray approach was limited by the fact that some genes and alternatively spliced products, which are not included on the array, could significantly contribute to the development of turkey PSE.
The objective of this study was to use deep transcriptome RNA sequence analysis (RnA-Seq), an emerging technology for transcriptome profiling, to investigate global gene expression in normal and PSE turkey breast meat. Because RNA-Seq and microarray platforms offer distinct comparative advantages and disadvantages, this RNA-Seq study was designed to augment and complement the results from the microarray study.
MATERIALS AnD METhoDS

Sample Information
Turkey breast muscle used in this study comprised a subset of the control sample group collected from Randombred Control Line 2 (RBC2) turkeys in the study of Chiang et al. (2008) . The RBC2 line is representative of the late 1960s commercial turkeys (Nestor et al., 1967; Nestor, 1977) and has been maintained without selection pressure at The Ohio Agricultural Research and Development Center of The Ohio State University (Wooster, OH). Analysis of normal and PSE breast samples from the RBC2 line will serve as a basis for future comparisons with modern growth-selected turkey lines.
In brief, the birds were slaughtered at 22 wk of age using standard industry practices at the Michigan State University Meat Laboratory. Breast muscle was collected, snap frozen, and stored at -80°C until used for RNA isolation or microsomal membrane protein preparation. Meat quality indices, including pH at 15 min postmortem, meat color, percent drip loss, percent marinade uptake, and percent cook loss were also quantified . The samples were classified as normal or PSE based primarily on marinade uptake and secondarily on cook loss as previously described (Sporer et al., 2012; Malila et al., 2013) . Briefly, "normal" samples were classified as such based on highest marinade uptake and lowest cook loss within the group. Conversely, PSE samples were characterized by having the lowest marinade uptake and highest cook loss. Four samples for each of the extreme normal and PSE characteristics were used (a subset of the samples evaluated by microarray; Malila et al., 2013) . Meat quality indices of the samples used in this study are shown in Table 1 .
Total RNA samples were the same materials previously isolated from each muscle sample and used for the microarray study (Malila et al., 2013) . The RNA isolation procedure was described in Malila et al. (2013) . Sample quality was assessed using an Agilent Bioanalyzer and all samples had an RNA integrity number above 8.0 (maximum = 10).
Ribonucleic Acid Transcriptome Sequence Analysis
Ribonucleic acid deep sequence analysis was performed at the Michigan State University Research Technology Support Facility. Eight RNA libraries (meat quality levels = 2 and biological replicates = 4) were constructed from 10 μg of total RNA per sample using the Illumina mRNA Sequencing Sample Preparation Kit (Illumina, Inc., San Diego, CA) according to the manufacturer's protocol. Briefly, mRNA was purified using oligo-dT beads (Illumina, Inc.) and subsequently fragmented. First strand cDNA was synthesized with random hexamer priming followed by second strand synthesis using DNA polymerase I after Ribonuclease H treatment. Ends of the synthesized cDNA were repaired, A-tailed, and bar-coded by adaptor ligation. The cDNA templates were purified and enriched using PCR. All 8 libraries were pooled and sequenced across 4 lanes. Paired-end 2 × 55 bp reads were generated using the Illumina Genome Analyzer IIx (Illumina, Inc). The resulting sequencing reads were aligned to the domestic turkey reference genome (Turkey_2.01, Ensemble release 61; Dalloul et al., 2010) using TopHat (Trapnell et al., 2009) . Alignments produced from each library were used as input to Cufflinks (Trapnell et al., 2010) , the algorithm that assigns reads to isoforms. This generated a set of predicted transcripts based on assembly of overlapping reads, which were subsequently transferred to the next algorithm, Cuffcompare, to be combined into a single, nonredundant set of transcript models. The resulting alignments were compared to an annotation file and the number of fragments uniquely aligned to each gene in the annotation was reported using HTseq-count (www.huber.embl.de/ users/anders/HTSeq/doc/overview.html). Read counts 
Confirmation of Expression Patterns
Fourteen genes, differentially expressed (false discovery rate [FDR] < 0.05) between normal and PSE samples, were selected for expression confirmation using quantitative real-time PCR (qPCR). Of 14 genes, 9 genes were representative of genes with large fold changes (|FC| > 3.5). The other 5 were randomly chosen from the group of differentially expressed genes with moderate to low fold change (1.5 < |FC| < 3.0).
Primers (Table 2) were designed using Primer Express 3.0 software (Applied Biosystems Inc., Foster City, CA). Primer specificity was confirmed by subjecting the primer sequence to an NCBI basic local alignment search tool (BLAST) search. Only primers that specifically matched their respective genes were submitted for primer synthesis by Operon, Inc. (Huntsville, AL). Additional specificity was verified by dissociation curves with a single peak at melting temperature and no peak in no-template controls. The qPCR protocol was previously described in Malila et al. (2013) .
Functional and Pathway Analysis
Pathway analysis was performed to determine functional relationships among differentially expressed genes for PSE and normal samples. Genes with FDR < 0.05 were uploaded into Ingenuity Pathway Analysis (IPA) software (www.ingenuity.com; Ingenuity Systems, Redwood City, CA). Of 494 differentially expressed genes, 402 were recognized by the IPA Knowledge Base and included in the analysis. Lists of functional categories, canonical pathways, and networks associated with differentially expressed genes were generated.
Microsomal Membrane Preparation
The samples used for microsomal membrane preparation were from the same RBC2 turkey breast muscles previously identified as normal (n = 4) and PSE (n = 4) and used in RNA-Seq. For the membrane preparation, 6 g breast muscle, excised immediately at slaughter and frozen at -80°C, was incubated in 30 mL of Buffer I (0.1 M NaCl, 5 mM Tris-maleate [pH 7.0], and 30 mM β-mercaptoethanol) supplemented with protease inhibitor cocktail (0.2 mM 4-(2-aminoethyl) benzenesulfonyl fluoride hydrochloride, 1 μg/mL aprotinin, 1 mM benzamidine, 1 μg/mL leupeptin, and 1 μg/mL pepstatin A) for 15 min and homogenized using a Waring blender (15 sec on followed by 15 sec rest; 8 times). All steps of microsomal membrane preparation were performed at 4°C. The homogenate was centrifuged at 3,300 × g for 30 min, 4°C and the supernatant was filtered through glass wool and centrifuged at 16,000 × g for 30 min, 4°C. The resulting pellet was resuspended in 30 mL of Buffer II (0.6 M KCl, 5 mM Tris-maleate [pH 7.0], and 30 mM β-mercaptoethanol) supplemented with the protease inhibitor cocktail described above and gently homogenized using a Dounce homogenizer. The homogenate was centrifuged at 130,000 × g for 40 min, 4°C and the pellet collected and resuspended in 0.5 mL 10% (wt/vol) sucrose. Concentration of crude microsomal protein was determined using the Pierce bicinchoninic acid protein assay kit (Thermo Scientific, Rockford, IL) in accordance with manufacturer's recommendation.
Protein Electrophoresis
Crude microsomal protein was separated by electrophoresis. Briefly, 40 μg crude microsomal protein was mixed with 3.4 μL of 6x Laemmli sample buffer (Bio-Rad, Hercules, CA). The protein solution volume was adjusted to 20 μL with water and heated at 90°C for 10 min. Samples were separated using a 12% Trisglycine Criterion gel with dimensions of 133 by 87 by 1 mm (Bio-Rad) at constant 200 V for 1 h at 4°C. The running buffer was Tris/glycine/SDS containing 25 mM Tris, 192 mM glycine, and 0.1% SDS, pH 8.3. Prestained low-range molecular weight protein standards (Bio-Rad) were used as protein markers.
Protein Immunoblot
After electrophoresis, the gel was equilibrated in 100 mL transfer buffer (25 mM Tris, 192 mM glycine, and 20% methanol, pH 8.3) for 10 min at room temperature. Proteins were transferred to a methanol-prewetted Immobilon-FL polyvinylidene difluoride membrane (Millipore, Burlington, MA) using Criterion blotting cell (Bio-Rad) at constant 30 V for 4 h at 4°C. After blotting, the membrane was briefly rinsed with Tris-saline-tween buffer (TBST; 20 mM Tris, 140 mM NaCl, and 0.1% tween 20, pH 7.4) for 5 min at room temperature and preincubated with 20 mL blocking buffer (LI-COR, Lincoln, NE) for 1 h at room temperature. The membrane was subsequently incubated overnight at 4°C with a mixture of a polyclonal rabbit anti-pyruvate dehydrogenase kinase, isozyme 4 (PDK4; 101-114) antibody (Sigma-Aldrich, St. Louis, MO) mixed with a monoclonal mouse anti-β-actin antibody (Sigma-Aldrich) diluted (1:500 and 1:10,000, respectively) in the LI-COR blocking buffer. The blot was washed using TBST (5 min at room temperature 4 times) and then incubated with a mixture of secondary antibodies (1:3,000 anti-rabbit IgG IRDye 700DX conjugated antibody and 1:3,000 anti-mouse IgG IRDye800 conjugated antibody; Rockland, Gilbertsville, PA) diluted in blocking buffer in the dark for 1 h at room temperature. The membrane was scanned using the Odyssey Infrared Imaging System (LI-COR). Images were acquired using Odyssey 3.0 analytical software (LI-COR). Immunoblots were repeated in 3 separate experiments (3 technical replicates).
Analysis of the immunoblot images was performed by densitometry using ImageJ 1.46r (Rasband, 2012) . A rectangular box was manually placed around the band of interest in the first lane. Features with identical size were used to measure the other bands for all lanes. The band intensity of PDK4 was normalized with the same-lane intensity value of β-actin, and the ratios were defined as relative protein abundance. Previous studies in our laboratory have verified β-actin as a valid endogenous control for PSE and normal turkey breast muscle at transcript level (unpublished data). The assay was conducted in triplicate; thus, there were 3 ratios, obtained from different blots, per biological replicate. An average of the 3 ratios was used as relative protein abundance for each bird in statistical analysis. Statistical difference in expression of PDK4 between normal and PSE turkey was determined using Student's t test.
RESuLTS
Differential Gene Expression between Normal and Pale, Soft, and Exudative Turkey Skeletal Muscle Revealed by RNA Sequence Analysis
In the current RNA-Seq of turkey breast muscle, Cuffcompare assembled mRNA sequence reads into 21,340 transcript loci and assigned 1 Cufflinks class code to each locus (Fig. 1) . The class code guided the Cuffcompare-generated locus match to the reference gene. The top 3 class codes were assigned to loci that completely matched with the intron chain (first class code, "="), loci that were contained in the reference gene (second class code, "c"), or loci that contained at least 1 splice junction that is shared with a reference transcript (third class code, "j"). Of 21,340 loci, 8,480 loci were assigned to the first 3 classes, suggesting a close match with the reference gene. As a result, this group was subsequently used in analysis of differential gene expression.
Differential expression of 494 loci between normal and PSE turkey skeletal muscle was revealed (FDR < 0.05), with 182 downregulated loci and 312 upregulated loci (Supplementary File S1). Approximately 80% of the downregulated loci fall within FC range -1.5 to -3.0, and the remaining 20% showed FC ≤ 3.0. About 86% of upregulated loci showed FC within the range of 1.5 to 3.0 with the remaining 14% of upregulated loci showing FC > 3.0 (Fig. 2) . Among differentially expressed loci, 91 are unknown or uncharacterized proteins. For the identified loci, PDK4 showed the greatest downregulation (FC = -14.1) in PSE turkey while nephroblastoma overexpressed gene (NOV) was the most upregulated gene (FC = 37.7) in PSE turkey. Biological functions and locations of these 2 genes are shown in Fig. 3 .
Confirmation of Gene Expression by Quantitative Real-Time PCR
Differential gene expression, observed by RNA-Seq, was confirmed by qPCR analysis for 14 genes (Fig. 4) .
Overall, most genes analyzed by RNA-Seq and qPCR showed similar direction of FC. Only fascin (FSCN), follistatin-related protein 1 (FSTL1), fibromodulin (FMOD), and NOV showed expression differences between PSE and normal meat (FDR < 0.05) by RNA-Seq but were not significantly different by qPCR analysis. One possible explanation for this discrepancy is that the qPCR technique could have amplified different transcript isoforms for NOV, FSCN, FSTL1, and FMOD in contrast to those quantified by RNA-Seq.
Functional and Pathway Analysis
For pathway analysis, 402 genes identified by RNASeq and recognized by the IPA Knowledge Base were grouped on the basis of biological and functional relationships into canonical pathways (Supplementary File S2), functional networks (Supplementary File S3), and cellular and molecular functions (Supplementary File S4) .
The current RNA-Seq study confirmed abnormal calcium signaling pathways (Fig. 5 ) associated with development of PSE turkey. Actin cytoskeleton and cell motility-related canonical pathways exhibited a greater degree of complexity of interactions compared to those reported in the microarray study (Malila et al., 2013) . The interactions comprise actin cytoskeleton signaling and Ras homology family member A (RhoA) signaling, 2 pathways originally identified in the microarray analysis (Malila et al., 2013) , which now include integrin, integrin-linked kinase (ILK), focal adhesion kinase (FAK), tight junction, epithelial adherens junction, and remodeling of epithelial adherens junction signaling pathways (Fig. 6) .
The top 3 altered biological functions associated with differential gene expression in PSE turkey were cellular movement, cellular assembly and organization, and Percentage of loci classified in each Cufflinks class code. The percentage was calculated based on 21,340 loci generated by Cuffcompare in RNA sequence analysis of turkey breast muscle, that is, 16% of 21,340 loci, were classified in first class code. Cuffcompare class code indicates the type of match the transcript has to the reference gene. Codes are identified as follows: first class (" = "): locus completely matched with intron chain; second class ("c"): locus contained in reference gene; third class ("j"): locus is potentially a novel isoform and at least 1 splice junction is shared with a reference transcript; fourth class ("e"): a possible pre-mRNA fragment; fifth class ("i"): a transfrag falling within an intron region; sixth class ("o"): generic overlap with reference; seventh class ("p"): possible polymerase run-on fragment; eighth class ("x"): exonic overlap with opposite strand of the reference; ninth class ("s"): intronic overlap with opposite strand of the reference likely due to mapping error; and 10th class ("."): loci with multiple classifications. cellular function and maintenance (Supplementary File S4). These 3 functional activities potentially increased in the defective meat (Table 3) , as predicted by IPA based on overall directional changes in expression of genes associated with particular function. Ingenuity Pathway Analysis also predicted likelihood of increased metabolism of carbohydrate and fatty acids in PSE samples.
Analysis of PDK4 Protein Expression
Upon identification of differentially expressed genes, PDK4 was clearly of particular interest due to its dramatic downregulation in PSE samples observed in both RNA-Seq and the TSKMLO microarray analyses (Malila et al., 2013) . The association of decreased PDK4 expression and altered glucose oxidation in PSE turkey was proposed previously by Malila et al. (2013) . Additionally, pathway analysis of the current RNA-Seq data emphasized aberrant energy metabolism arising from differential gene expression in PSE turkey based on the following observations. First, energy production was highlighted as the first network identified by IPA. Second, based on the direction of differential gene expression, IPA predicted an increase in carbohydrate and lipid metabolic activities in PSE samples (Table 3) , which is consistent with the hypothesis of hypermetabolism in the susceptible turkeys. Taken together, PDK4 was prioritized in this study for further investigation at the translational level.
Abundance of PDK4 protein in turkey breast meat was determined using a protein immunoblotting assay (Fig. 7) . The PSE samples showed significantly lower PDK4 protein abundance, with a 3.4-fold difference (P = 0.0007) compared with that of normal samples. Thus, the protein levels reflected downregulation observed in the PDK4 transcript.
DISCuSSIon
Previous studies of differential gene expression regarding development of PSE turkey were mainly focused on individual SR Ca 2+ regulators (Chiang et al., 2004 (Chiang et al., , 2007 Oda et al., 2009; Sporer et al., 2012) . However, the results suggested these single-gene approaches were inadequate in addressing the evident complex etiology of this meat defect. Recently, a microarray specifically developed to analyze gene expression in turkey skeletal muscle was used to profile the transcriptomes of PSE and normal turkey breast meat samples (Malila et al., 2013) . Differential expression of many genes and interactions among molecular signaling pathways were observed that offered new insights into the mechanism of PSE meat development.
In the current study, the Illumina GA IIX RNA-Seq platform was used to complement and extend our previous microarray studies. The RNA-Seq revealed 494 differentially expressed transcripts (FDR < 0.05) and multiple signaling pathways associated with development of PSE turkey. Despite the inherent advantages of RNA-Seq over microarray, we also experienced some challenges in RNA-Seq data analysis. Some differentially expressed transcripts identified in the microarray study (Malila et al., 2013) were classified in this Results are presented as relative expression or fold change for gene expression in pale, soft, and exudative (PSE) samples relative to normal samples. Bars below the origin indicate lower expression (downregulation) of the gene in PSE samples; bars above the origin indicate higher expression (upregulation) in PSE samples. Statistical significance indicates change in expression between PSE and normal samples within each technique (*false discovery rate < 0.05 for RNA-Seq, †P < 0.05 for qPCR). ATP1B4 = adenosine 5'-triphosphatase, Na+/K+ transporting, β4 polypeptide, Na + /K+ transporting, β 4 polypeptide; CCDC135 = coiled-coil domain containing 135; COL6A1 = collagen type VI, α 1; DCNI = Decorin; FMOD = fibromodulin; FSCN1 = fascin; FSTL1 = follistatin-related protein 1; NOV = nephroblastoma overexpressed gene; PDE10A = phosphodiesterase 10A; PDK4 = pyruvate dehydrogenase kinase isozyme 4; PFKFB3 = 6-phosphofructo-2-kinase/fructose-2,6-biphosphatase 3; POSTN = periostin, osteoblast specific factor; RGS2 = regulator of G protein signaling 2; TAGLN = transgelin Figure 5 . Schematic diagram of the calcium signaling pathway associated with development of pale, soft, and exudative (PSE) turkey meat. The pathway, suggested by Ingenuity Pathway Analysis, showed direct interaction among differentially expressed genes associated with regulation of Ca 2+ concentration between normal and PSE turkey skeletal muscle. Fold change (FC) or gene expression in PSE relative to normal samples. Negative FC indicates downregulation of gene in PSE samples; positive FC indicates upregulation in PSE samples. AchR = acetylcholine receptor; ACTA2 = actin, α 2, smooth muscle; ACTC1 = actin, α, cardiac muscle 1; ASPH = aspartate β-hydroxylase; CAMK = Ca 2+ /calmodulin-dependent protein kinase; CAMKK = Ca 2+ /calmodulin-dependent protein kinase kinase; CALM = calmodulin; CASQ = calsequestrin; CBP = cAMP responsive element binding protein (CREB)-binding protein; CHRND = cholinergic receptor, nicotinic, delta; CREB = cAMP responsive element binding protein; HDAC = histone deacetylase; MEF2 = myocyte enhancer factor-2; MYH10 = myosin, heavy chain 10, non-muscle; MYH11 = myosin, heavy chain 11, smooth muscle; MYH13 = myosin, heavy chain 13, skeletal muscle; MYL2 = myosin, light chain 2, regulatory, cardiac, slow; MYL9 = myosin, light chain 9, regulatory; NMDAR = N-methyl-D-aspartate receptor; TRDN = triadin; RYR = ryanodine receptor.
RNA-Seq with a low priority Cufflinks class code or were not present in the current turkey genome assembly. Because the turkey reference genome is still an early draft, these results are not surprising. In addition, some large gene families such as myosin comprise closely related individual genes that are not yet well annotated in the turkey reference genome; therefore, loci generated from the RNA-Seq read alignments against these reference genes are not well defined. In contrast, probes on the TSKMLO microarray were designed based on turkey skeletal muscle cDNA libraries constructed and annotated with the chicken genome, as the turkey reference genome was not yet available (Reed et al., 2008) . Since the chicken genome is more established, the TSK-MLO microarray study may identify genes that are not yet annotated in the turkey reference genome (Malila et al., 2013) . However, the RNA-Seq data can be realigned with updated versions of the turkey reference genome as new versions become available in the future.
The turkey PSE problem is clearly multifactorial with respect to the involvement of various genes and molecular pathways. The current RNA-Seq confirmed the important roles of actin cytoskeleton signaling, RhoA signaling, and the calcium signaling pathways associated with development of PSE turkey. The findings extended the interactions within and between actin cytoskeleton and RhoA pathways to a larger network of integrin-related signaling pathways, supporting the role of irregular actin cytoskeletal filaments in PSE turkey. The hypothesis of fast-toslow skeletal muscle isoform conversion in PSE turkey, originally proposed in our microarray study (Malila et al., 2013) , was supported in this study by downregulation of fast-twitch myosin heavy chain (MYh; MYH13, FC = -5.0) and upregulation of slow-twitch isoforms (MYH10, FC = 1.5; MYH11, FC = 2.4) in PSE samples.
For the calcium signaling pathway, a greater mRNA abundance of the nicotinic cholinergic receptor gene (CHRND) was observed in PSE turkey (FC = 3.4). This gene encodes the delta subunit of the muscle acetylcholine receptor (AchR). In skeletal muscle, the acetylcholine receptor, a pentameric protein composed of 5 subunits with the stoichiometry α 2 βγδ, is located at the neuromuscular junction (Goldman et al., 1988) . In neuromuscular signal transduction, acetylcholine binds to the receptor, which then undergoes a conformational change, leading to opening of an ion-conducting channel across the plasma membrane (Pedersen and Cohen, 1990) . A mutation of CHRND has been implicated in functional disruption of acetylcholine receptor, leading to an abnormality of muscle contraction in humans (Engel and Sine, 2005) . Activity of this receptor requires coordination of all subunits; therefore, the increased expression of CHRND in PSE samples may affect the function of acetylcholine receptor and alter ionic homeostasis, including Ca 2+ , in the skeletal muscle cell. This is the first evidence suggesting that aberrant Ca 2+ regulation in PSE turkey may involve a plasma membrane Ca 2+ channel. Malila et al. (2013) reported substantial downregulation of PDK4 in PSE turkey. This gene encodes an enzyme that catalyzes phosphorylation of the α subunit of mitochondrial pyruvate dehydrogenase complex (PDh) into an inactive form, thus inhibiting conversion of pyruvate into acetyl CoA (Popov, 1997; Wynn et al., 2008) . Based on the previous findings, we hypothesized that decreased expression of PDK4 may result in a decreased level of PDK4 enzyme in the susceptible 1 An increase or decrease in a biological process was predicted by Ingenuity Pathway Analysis (IPA) based on experimentally derived relationships between genes or proteins and directional change in expression of genes in the dataset.
2 Activation z-score was calculated by IPA. The greater z-score implies the higher possibility of increasing activity. Figure 6 . Overlapping canonical pathways that regulate downstream actin cytoskeleton and cell motility. Based on specific work sites, the pathways are categorized into 3 groups: (A) integrin-mediated signaling pathways modulating downstream cellular activities and signal transduction on interactions of integrin, integrin-linked kinase (ILK), focal adhesion kinase (FAK), Ras homology family member A (RhoA), and actin cytoskeleton signaling pathways, (B) tight junction signaling pathway interacting with RhoA and actin cytoskeleton signaling pathways and modulating tight junction complex, cell proliferation and differentiation, and epithelial cell polarity, and (C) epithelial-associated signaling pathways linked to actin cytoskeleton signaling, leading to actin reorganization and adherens junctions formation. Together, alteration of this signaling pathway network affects biological functions in pale, soft, and exudative turkey.
animals. Therefore, at the early stage of postmortem muscle metabolism, the flux of conversion of pyruvate into acetyl CoA by PDH would be greater in PSE samples. Oxygen depletion may be faster. Thus, the metabolism switches from oxidative to anaerobic faster in the susceptible animals, leading to a rapid pH drop (Fig. 8) . High acidity combined with high carcass temperature at the early postmortem stage is associated with protein denaturation in the defective turkey meat. Although a large fold-change of PDK4 was observed by microarray analysis in our previous study (Malila et al., 2013) , the change was not statistically significant. However, qPCR analysis in that study indicated that there was significant downregulation of PDK4. In the current report, RNASeq revealed significant difference in expression of PDK4 between normal and PSE samples (FC = -14.1) at FDR < 0.05, which was confirmed by qPCR (Fig. 4) . Immunoblotting assays of PDK4 protein also demonstrated low abundance of PDK4 in PSE samples (Fig. 7) . The results strongly support the hypothesis of dysregulation of postmortem oxidative glucose metabolic pathways.
Pathway analysis revealed altered metabolic processes of not only carbohydrate but also lipid. Based on the role of PDK4 in regulating energy production, PDK4 may cross-communicate between glucose and fatty acid metabolisms. Interactions between glucose and fatty acid metabolisms in muscle and adipose tissue have been proposed by Randle et al. (1963) as a glucose fatty-acid regulatory cycle. To maintain glucose level during starvation, glucose oxidation is switched off through phosphorylation of PDH by PDK4, and fatty acids are used as fuel in production of acetyl CoA and NADH (Randle et al., 1994) . Sugden et al. (2001) also proposed that PDK4 acts as a mediator for fatty acid oxidation by increasing available pyruvate for oxaloacetate formation. In a study on differential gene expression in chicken breast muscle, Sibut et al. (2011) reported downregulation of PDK4 in high-glycogen breast samples compared with low-glycogen samples. In contrast, when comparing high-fat traits relative to low-fat ones, they observed upregulation of PDK4, suggesting a strong interaction between carbohydrate and lipid metabolism. However, it must be noted that in the study of Sibut et al. (2011) , chicken muscle samples were classified based on glycogen content or fat content to determine the molecular mechanisms involved in variation of meat quality. In this study, the samples were first classified as PSE or normal and then analyzed and compared for differential gene expression.
The change in expression of PDK4 may alter contraction and relaxation process of skeletal muscle. Recently, Herbst et al. (2012) observed a significant increase in initial force of PDK4-knock-out mouse skeletal muscle in response to moderate-intensity stimulation. This leads us to hypothesize that abnormal Ca 2+ regulation combined with downregulation of PDK4 may provide an effect on extensive muscle contraction in PSE-susceptible birds that accelerates early-stage postmortem metabolism.
As in other transcriptome analyses, RNA-Seq depicts steady state transcript abundance, which can be used to monitor changes in gene expression in response to biological stimuli. Such analyses reveal candidate gene sets that with further validation can subsequently be used for classification of samples. Although transcriptional level changes generally correspond to changes in translation, mRNA abundance does not always directly reflect expression of encoded proteins (Preiss et al., 2003) . To gain a complete understanding of molecular mechanisms underlying development of PSE turkey, a series of studies must be completed for candidate genes at the protein level, including protein abundance and protein activity. In this study, we provided an example of a protein level investigation by performing a PDK4 immunoblot. Decreased PDK4 protein abundance in PSE meat corresponded to decreased transcript abundance. The results support the important role of PDK4 in development of PSE turkey.
In conclusion, the study of global differential gene expression between normal and PSE turkey using RNA-Seq technique highlighted complex interactions of multiple cellular signaling pathways associated with differential gene expression in development of PSE turkey. The results from the current RNA-Seq complement and extend the previous findings from the microarray analysis. Difference in mRNA abundance of nicotinic acetylcholine receptor delta subunit suggests, for the first time, that aberrant calcium homeostasis may be based not only at the SR level but also extracellular calcium regulation. Alteration of cellular signaling pathways associated with organization of actin cytoskeleton has been confirmed and the complexity of the network has been extended. Substantial downregulation of PDK4 at transcriptional and translational levels in PSE turkey supports the hypothesis of an abnormality in glucose oxidative pathway, which may result in an unusually high rate of postmortem metabolism in PSE turkey. Activities of PDK4 in PSE turkey must be further investigated for better understanding of its mechanisms underlying development of PSE turkey. The results also suggest PDK4 as a potential gene marker to identify susceptible turkeys from the population.
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